Introduction
The discovery of the Antarctic ozone hole (Farman et al., 1985) prompted a re-examination of the science governing ozone concentrations in the middle atmosphere. To date, the major mechanistic pathways for stratospheric ozone depletion have been established and models simulating ozone processes at mid-latitudes are broadly consistent with observed mid-latitude trends (WMO, 1999) . However, unravelling an overall negative trend in mid-latitude ozone columns from natural variability in stratospheric composition presents a more complicated challenge. Natural fluctuations in ozone columns occur due to atmospheric dynamics and seasonal changes; in addition, volcanic activity and the 11-year solar cycle modify ozone chemistry. These effects occur on quite different timescales and can mask any anthropogenic influence. Furthermore, it is still unclear what proportion of mid-latitude ozone loss is due to transport of ozone-depleted air from polar regions, and what proportion is due to chemical depletion at mid-latitudes (Hadjinicolaou et al., 1997) . This uncertainty is particularly large for ozone loss in the lower stratosphere (15-20 km) . In contrast with mid-latitude trends, Arctic ozone loss during the 1990s was pronounced (Fioletov et al., 1997) . Very low ozone column amounts were observed in six of the late-winter/spring periods, during years with a cold and persistent winter Arctic vortex. In fact, future Arctic ozone depletion will likely be enhanced by a colder stratosphere (induced by increasing CO 2 concentrations) coupled with near present-day chlorine loading. Modelling studies (Austin and Butchart, 1994; Shindell et al., 1998) suggest that the Arctic stratosphere will be primed for severe ozone losses for the next 10-20 years.
Stratospheric observations from ground-based, balloonborne and satellite instruments are complementary. Groundbased instruments can be utilized for long-term measurements at a particular site and also have the flexibility of being transportable to different locations. Measurements from a suite of balloon-borne instruments can characterize stratospheric composition at a specific time and place. Satellite observations provide a long-term global picture. It is important to collect and collate high-quality measurements of stratospheric ozone and the trace species that influence ozone concentrations at regular locations around the globe. The rationale behind this mandate is threefold:
1. to monitor stratospheric ozone and other trace gases as anthropogenic emissions evolve; 2. to test and refine stratospheric models, for example in Langrangian-type experiments where an air mass is monitored over time while subjected to chemistry and transport; and 3. to provide more information as to the relative magnitude of natural variability in ozone levels compared with change stimulated by anthropogenic activity. The detection of stratospheric constituents from the ground by measuring the absorption of sunlight scattered from the zenith sky is well established; it was first applied to ozone (Dobson and Harrison, 1926; Dobson, 1957) and NO 2 (Brewer et al., 1973 ) using measurements of intensity at a few discrete wavelengths. This method was improved by Noxon (Noxon, 1975; Noxon et al., 1979) , who recorded spectra in the range of 435 to 450 nm, then ratioed twilight spectra to a noon reference in order to remove solar Fraunhofer lines, and used the differential change in absorption to measure the column abundance of NO 2 . Syed and Harrison (1980) made similar measurements and compared the results of using the absorption at a number of discrete wavelengths with the use of a continuous spectrum to derive NO 2 vertical column abundances. Platt et al. (1979) developed a variation of this technique to measure the absorption in long horizontal tropospheric paths using an artificial light source. In addition to ozone and NO 2 , differential optical absorption spectroscopy (DOAS) has been used successfully to measure vertical columns of OClO (Solomon et al., 1987a) , BrO (Solomon et al., 1989) , and NO 3 at night using direct viewing of the moon (Noxon et al., 1978) . Efforts have also been made to obtain vertical profiles of NO 2 from the change in retrieved DOAS slant column with solar zenith angle during twilight (McKenzie et al., 1991; Preston et al., 1997 Preston et al., , 1998 .
Ultraviolet (UV)-visible spectroscopy continues to play an important role in monitoring the stratosphere, having been selected as one of the primary measurement techniques in the Network for the Detection of Stratospheric Change (NDSC). A number of groups have developed their own UV-visible zenith-sky instrumentation (e.g., Eisinger et al., 1997; Fish et al., 1995; Gil et al., 2000; Koike et al., 1999; Liley et al., 2000; Otten et al., 1998; Van Roozendael et al., 1994) . The SAOZ (Systeme d'Analyse et d'Observations Zenithales) is of particular note, as a network of these spectrometers are now deployed worldwide (Pommereau and Goutail, 1988; Goutail et al., 1994; Sarkissian et al., 1997) .
The NDSC coordinates a long-term program of stratospheric measurements using a number of validated UV-visible spectrometers. Details of the instruments that form the observational network are given on the NDSC website (http://www.ndsc. ncep.noaa.gov). A recent intercomparison of NDSC instruments using observations of ozone and NO 2 is presented by Roscoe et al. (1999) . Earlier intercomparisons of UV-visible spectrometers, including most of the instruments referenced above, are described by Hoffman et al. (1995) and Vaughan et al. (1997) .
In order to extend the geographic coverage of the current observational network and increase the number of instruments for the cross-comparison and validation of measurements, we have constructed a ground-based spectrometer (GBS). The instrument observes zenith-scattered sunlight at UV-visible wavelengths and was developed in order to make automated measurements of stratospheric ozone, NO 2 , BrO and OClO. The spectrometer is furnished with an adjustable entrance slit, a triple-diffraction-grating turret, and a chargecoupled device (CCD) array detector; this combination provides a wide spectral range, with good spectral resolution and sampling efficiency. The robust nature of the instrument described here means that it is ideally suited to measurements in remote locations; it is contained in a weatherproof, thermostatically controlled box and operates in a stand-alone manner with little maintenance required. It was deployed for the first time during the Middle Atmosphere Nitrogen TRend Assessment (MANTRA) 1998 field campaign (Strong et al., this issue) to complement the other ground-based and balloon-borne measurements.
Experimental methodology a Instrumentation
The instrumentation consisted of three main components ( Fig. 1) housed in a watertight aluminum box (0.8 m × 0.8 m × 0.5 m) with a top-mounted plexiglas window (UV-grade) to provide a zenith view of the sky. In brief, zenith-scattered sunlight was focused onto the entrance slit of an imaging spectrometer that dispersed the light onto a CCD array detector. The aluminum box was portable, yet durable enough to be operated outdoors in the field environment. A heating circuit and a temperature monitor were installed inside the box to provide control of the internal temperature.
Initially, the entrance optics were comprised of a mirror with enhanced UV reflectivity (100 mm × 100 mm, aluminum coated, Melles Griot Inc., Irvine, CA, USA) mounted at 45°t o fold sunlight scattered from the zenith into the horizontal plane. Incoming light was focused onto the entrance slit of the spectrometer by means of a fused silica lens (diameter = 22.4 mm, f/4, Melles Griot). All entrance optics were well baffled to reduce stray light, and a filter (350-600 nm, filter # BG-38, Andover Corp., Salem, NH, USA) was mounted between the lens and the spectrometer to eliminate light outside the spectral range of interest. Since the MANTRA 1998 campaign, this simple arrangement has been modified to include a liquid light guide (core diameter = 3 mm, length = 1 m, Oriel Instruments, Stratford, CT, USA) to depolarize incoming sunlight prior to dispersion. In the revised configuration, zenith-scattered light is focused through a fused silica lens (diameter = 40 mm, f/2.5) mounted inside a cylindrical baffle, and is conducted through the liquid light guide (LLG). The divergent light emerging from the LLG enters a cylindrical baffled f/# matcher where it is collimated and then re-focused onto the entrance slit of the spectrometer. With this arrangement, about 60% of the 12-mm height of the slit is usefully illuminated.
The imaging spectrometer (Triax 180, Instruments S. A. Inc., Edison, NJ, USA) utilized a crossed Czerny-Turner geometry with aspherical optics to correct astigmatism, generate a flat-field output, and provide point-to-point imaging.
It had a focal length of 0.190 m (f/3.9) and a 12 mm × 30 mm focal plane. It was fitted with an adjustable entrance slit and a triple-grating turret, which results in some degree of flexibility in terms of resolution and spectral range. The turret was mounted with diffraction gratings of 400, 600 and 1800 grooves mm -1 at blaze wavelengths of 550, 400 and 500 nm, respectively. Table 1 summarizes the resolution characteristics of each grating determined by measuring two mercury emission lines (436 nm and 546 nm). During the MANTRA campaign, spectra were acquired with a slit width of 50 µm and the 600-grooves mm -1 diffraction grating. The resulting spectral resolution (0.9 nm as defined by the full width at half maximum (FWHM) of the lines) was sufficient to retrieve accurate NO 2 columns (Roscoe et al., 1996) . The FWHM was determined using Spectramax software (Instruments S. A.) to fit a Gaussian function to the pixel column values. During a separate measurement campaign in the Arctic, the 1800-grooves mm -1 diffraction grating was used on occasion, in order to improve the spectral resolution and the signal-to-noise ratio in the BrO/OClO region of the spectrum. Routine daily measurements were acquired using the 600-grooves mm -1 grating. A CCD array detector was employed (Instruments S. A. "Spectrum One" with a SITe chip of 800 × 2000 pixels, each 15 µm × 15 µm), which provided an active area of 12 mm × 30 mm to match the focal plane of the spectrometer. The sampling ratio of the detector (8.5 pixels nm -1 for the 600 grooves mm -1 grating used in this work, 5.5 and 30 pixels nm -1 for the 400 and 1800 grooves mm -1 gratings, respectively) was high enough to minimize interpolation errors that can arise due to under-sampling (Roscoe et al., 1996) . The CCD was operated in multi-pin phased mode and thermoelectrically cooled to -30°C to reduce dark current, and was back-illuminated with an anti-reflection coating to improve quantum efficiency of the detector in the UV region. On-chip binning of each pixel column (each column consisting of 800 pixels) was performed to maximize the signal-to-noise ratio.
The CCD was characterized in the laboratory before and after the field measurements, and preprocessing of the raw spectra included the removal of detector bias (a small, constant electronic offset present in the signal) and dark current for each of the 2000 pixel columns. Due to small differences in the dark current and bias characteristics of each pixel column, preprocessing was performed for each column individually. Such differences arise due to slight inconsistencies in pixel size or coating thickness. Dark current measurements were made by sheathing the instrumentation in black cloth and recording spectra for a range of integration times. The dark current of each pixel column of the detector increased linearly with integration time, which means that bias could be experimentally derived by extrapolating the dark current to zero integration time. Artefacts caused by signal-dependent dark current that have been observed in detectors that use linear diode arrays of p-n junctions (Stutz and Platt, 1992) were insignificant or absent in our CCD array, which is a Metal Oxide Semiconductor (MOS) device. A further advantage of CCD arrays over linear diode arrays is the absence of FabryPérot etalon structure inherent in many diode array detectors (Mount et al., 1992) . Dark current measurements were also made during the field campaign.
During the MANTRA campaign, it was determined that the dark current was of the order of 150 counts s -1 for each column of 800 pixels. This corresponds to a dark current signal of less than three counts for a reference spectrum taken at a solar zenith angle (SZA) of 40°(exposure time ≈ 0.02 s). For twilight spectra acquired at SZAs of 90°and 95°(corresponding to exposure times ≈ 0.5 s and ≈ 15 s) the dark current was typically 75 counts and 2250 counts respectively. The typical bias for a pixel column was determined to be about 800 counts. Compared with the total signal of the raw spectra (prior to subtraction of dark current and bias) of approximately 60,000 counts, the dark current contribution was 0.125% at SZA = 90°, and 3.75% at SZA = 95°.
A characterization of inter-pixel variability (which arises due to small differences in the sensitivity of pixels to light) was also attempted by removing the diffraction grating and illuminating the CCD (thereby removing wavelength dependence). However, applying a correction for inter-pixel variability to the spectra was found to have little effect (in some cases a slightly detrimental effect) on the quality of the differential spectra. The correction factors were very small and it is believed that any inter-pixel variability was effectively 'averaged out' through the binning of 800 individual pixels. The detrimental effect on some spectra can be assigned to experimental error in determining inter-pixel variability; a more extensive characterization study would confirm this.
In summary, in its current configuration, this new instrument offers the following advantages: (1) depolarizing input optics (not installed for this work); (2) a versatile spectrometer (adjustable entrance slit and triple-grating turret) that enables a choice of resolution and spectral range; (3) a cooled CCD array detector, free of etalon effects and having 2000 pixels along the 30-mm-long wavelength axis to provide an excellent sampling ratio; (4) a portable, weatherproof, temperature-stabilized box; and (5) stand-alone automated operation with customized data acquisition software that can be remotely accessed (see following, implemented after this work).
b Field Measurements
The instrument was deployed as part of the MANTRA 1998 field campaign at Vanscoy, SK (52°01′N, 107°02′W, elevation 511 m). Vertical column measurements were retrieved from the twilight zenith-sky spectra recorded during 18-25 August (Julian day 230-237). An overview of the MANTRA field campaign is presented elsewhere (Strong et al., 
this issue).
c Operating Procedure Twilight zenith-sky spectra (320-554 nm) were recorded daily at solar zenith angles from 80°to 96°during both sunrise and sunset. In addition, a set of daily reference spectra was acquired around local noon when the SZA was between 40°a nd 50°. The signal-to-noise ratio of each spectrum was increased by averaging 20-255 repeated scans. Exposure time was varied with changing light levels to maximize the total signal, and the number of accumulations comprising a spectral set was simultaneously varied to restrict the total accumulation time to five minutes. At a mid-latitude site such as Vanscoy, a five-minute interval corresponds to a change in solar zenith angle of 0.7°(when SZA = 90°).
The spectrometer can be controlled either by means of a laptop computer contained within the aluminum box (networked using an Ethernet cable running indoors) or using a desktop computer and a General Purpose Interface Bus (GPIB) extension cable (National Instruments, Austin, TX, USA). During the MANTRA campaign, the system was operated using the desktop configuration for logistical reasons. However, both configurations have been used successfully. In order to correct for drift in the computer clock, an automatic adjustment was made every 12 hours to align the clock with a networked timeserver (at internet address clock.psu.edu). During the MANTRA campaign, proprietary software (Spectramax, Instruments S. A.) was used to control spectrometer settings and data acquisition; however, customized LabVIEW software has since been written to facilitate unattended long-term measurements. One refinement is an adaptive routine that optimizes integration time depending on light intensity. The system is now truly stand-alone and unattended collection of zenith-sky spectra is possible. Further automation of the measurements has been achieved by the use of remote-access software (pcANYWHERE, Symantec Corp, Cupertino, CA, USA) that allows spectrometer control from a remote site.
Unfortunately, the instrument spectral range was compromised during the MANTRA campaign because a portion of the CCD array developed an electronic defect, thought to be associated with the collection of signal following on-chip binning. Data from approximately 535 of the 2000 pixel columns were corrupted. For spectral observations in the wavelength range of 320 to 554 nm, this corresponded to the region between 330 and 390 nm. This unfortunate artefact precluded the possibility of concurrent observations of BrO alongside ozone and NO 2 . However, ozone and NO 2 measurements were unaffected because the absorption features used to determine column abundances were at longer wavelengths: 470-540 nm (ozone) and 405-450 nm (NO 2 ). The CCD array has since been successfully repaired.
Retrieval methodology a The Retrieval of Vertical Column Information
Spectra were analysed using the DOAS technique, a relatively simple and well-established method for determining the amount of trace gas along a path. Zenith-sky DOAS has been widely employed to measure vertical column densities of stratospheric gases such as ozone, NO 2 , BrO and OClO, as discussed in Section 1. Comprehensive explanations of DOAS theory have been presented elsewhere (Solomon et al., 1987b; Platt, 1994; Platt et al., 1997) . In essence, the zenithsky DOAS technique utilizes the fact that scattered sunlight observed at twilight traverses a much longer stratospheric path than scattered sunlight observed at noon. For species with the bulk of absorbing molecules in the stratosphere, the apparent slant column density (SCD; the number density integrated along the photon path) is therefore much greater in twilight spectra.
For twilight spectra recorded during the MANTRA campaign, a noon spectrum measured on Julian day (J-day) 237 (25 August) 1998 was used as a common Fraunhofer reference spectrum. Most recent publications that present ozone and NO 2 measurements also use a common reference, rather than a daily reference spectrum (e.g., Roscoe et al., 1999) . The benefits of using a single reference are twofold. Differential slant columns of ozone and NO 2 from different days can be directly compared as each value is relative to the same spectrum; any systematic errors in the reference spectrum are therefore constant and do not affect trends. Secondly, a reference spectrum from a cloudless day can be selected in order to reduce the influence of tropospheric absorbers.
The optical depth for each twilight measurement as a function of wavelength, OD(λ), was calculated from Eq. (1) (see Perrin, 1948) , where I and I o correspond to the intensity of the twilight and reference spectra respectively:
(1) A third-order polynomial was subtracted from the optical depth to approximate aerosol scattering. Next, differential cross-sections of absorbing gases (derived by subtracting a second-order polynomial from laboratory cross-sections) were simultaneously fitted to the differential spectrum using a nonlinear (Marquart-Levenberg) least-squares fitting routine (Press et al., 1992) . The Ring effect was treated as a quasi-linear absorber in cross-section space using a modelled Ring cross-section calculated by Chance and Spurr (1997) . An iterative shifting and stretching algorithm was used to correct small changes in wavelength calibration and spectral dispersion of the spectrometer. Cross-sections fitted to the differential spectra were as follows: ozone and NO 2 at 221 K (Burrows et al., 1999a (Burrows et al., , 1998 , H 2 O (Sarkissian, 1992) and O 4 (Greenblatt et al., 1990) . Each highly sampled cross-section was smoothed with a Gaussian function, which provided a reasonable approximation to the measured slit function.
Typical differential spectra for ozone and NO 2 are presented in Fig. 2 , alongside fitted spectra. Residual structure is also plotted, that is the difference between the observed and the fitted spectra. The root-mean-square (r.m.s.) residuals for the ozone and NO 2 fits shown were 2.02 × 10 -3 and 2.09 × 10 -3 respectively. While the fitted spectra are considered adequate for accurately retrieving total column amounts of ozone and NO 2 , the residuals are larger than those obtained from certain Ground-Based Measurements of Ozone and NO 2 during MANTRA 1998 / 329
state-of-the-art instruments that participated in the recent NDSC intercomparison exercise (Roscoe et al., 1999) . The residuals obtained from our instrument during the MANTRA campaign exhibit systematic, or pseudo-random features. We believe that these arise from a number of sources, namely: polarization artefacts, features generated by corrupted pixels on the CCD, and an insufficient correction for the Ring Effect. All three of these problems have since been addressed: by introducing a polarization-scrambling LLG into the optical path, by repairing the CCD anomaly, and by investigating the use of an alternative method of correcting for the Ring Effect (Sioris and Evans, 1999).
From the fitted optical depth of each absorber, the differential SCD was retrieved. The apparent vertical column density at SZA θ, VCD(θ), is related to the fitted SCD, SCD(θ), as shown in Eq. (2): (2) where the reference column density (RCD) is the slant column density of absorber present in the reference spectrum, derived by constructing Langley plots as described in Section 4a. 
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Differential Spectrum Fitted Spectrum Residual Differential and fitted spectra in the wavelength regions of the Chappuis ozone (upper plot) and the NO 2 (lower plot) absorption bands. The residual is also plotted and is the difference between the observed and the fitted spectra.
is the air mass factor, calculated using a radiative transfer (RT) model (McLinden et al., 2002 ) that models the path of zenith-scattered light using successive orders of scattering in an inhomogeneous atmosphere. The RT model atmosphere was parametrized as follows. Vertical profiles for air number density, temperature and ozone were generated by averaging data from three sonde flights (11, 18 and 23 August 1998) mapped onto a 0.5-km vertical grid (J. Davies, personal communication, 1999) . A Gaussian NO 2 profile having a maximum of 10.7 ppbv at 34 km and a FWHM of 14 km was used, along with a stratospheric sulphate profile derived from summer mid-latitude (August 1997, 50°N) Stratospheric Aerosol and Gas Experiment (SAGE) II extinction coefficient measurements (Thomason et al., 1997) . The Earth's surface was considered to be Lambertian with an albedo of 0.2. Ozone and NO 2 absorption cross-sections (Burrows et al., 1999a (Burrows et al., , 1998 were varied with altitude to account for temperature changes. It should be noted that on overcast days, cloud layers representative of the observed meteorological situation (T. Mathews, personal communication, 1999) were inserted into the RT model and revised AMFs calculated. Clouds were classified into three rudimentary types: high altitude cirrus (9 km, optical depth = 0.1), altocumulus (3-5 km, optical depth = 10) or low-level cumulus cloud (1-3 km, optical depth = 100). In common with other reports (e.g., Erle et al., 1995 , Pfeilsticker et al., 1999a clouds were found to exert a strong influence on the slant column amounts retrieved. It should be noted that a quantitative understanding of absorption and scattering of photons within tropospheric clouds presents a formidable challenge. There remains some debate regarding the mechanism by which clouds influence zenith-sky spectra and enhance the apparent optical depths of ozone and NO 2 . We have performed a thorough study on the effect of clouds on our zenith-sky measurements (Bassford et al., 2001) , in which this topic and likely mechanisms are discussed in more detail. A thunderstorm on the evening of 22 August prevented the retrieval of accurate columns of ozone and NO 2 and no data for this period are shown here.
b An Estimate of Measurement Error
The total measurement error for the ozone and NO 2 observations was estimated from the root-sum-square of individual errors. These errors are summarized in Table 2 . Firstly, the random noise on the spectra was statistically calculated (using the method described by Sarkissian (1992) and found to be 1% for ozone and 2% for NO 2 . Measurements of dark current and bias were recorded throughout the measurement campaign and exhibited variability and a tendency to drift over time. Combined with the fact that the measured instrument slit function was not strictly Gaussian (as assumed in smoothing the fitted cross-sections), instrument errors were estimated to contribute 3% to the total error. Pseudo-random errors (which result in unaccounted-for structure in the DOAS spectra) were typically 1-2% for ozone and 4-6% for NO 2 .
Uncertainties in the ozone and NO 2 cross-sections are 2.6% and 2.3%, respectively (Burrows et al., 1999a (Burrows et al., , 1998 . The strong temperature dependence of the NO 2 cross-section was accounted for in the calculation of AMFs but a single NO 2 crosssection at 221 K was used in the DOAS fitting. This is a reasonable value for a stratospheric absorber (e.g., Vandaele et al., 1998) , but uncertainty in the temperature at which most of the NO 2 is located can generate a systematic error of as much as 8% for an instrument of comparable resolution to ours (Pfeilsticker et al., 1999b) . When the value of the NO 2 RCD was varied by ± 2 × 10 15 molecules cm -2 , an error of 1-3% was introduced in the retrieved NO 2 VCD. Finally, an error was derived for the calculated AMFs due to approximations in the RT model. Following a study we conducted into parametrization of the RT model (Bassford et al., 2001) it was concluded that the error arising from uncertainties in the AMF calculation was probably less than 2% for ozone but approximately 5% for NO 2 (largely due to uncertainty in the shape of the NO 2 profile used).
The retrieved NO 2 slant columns have not been corrected for the 'filling-in' of NO 2 absorption features by multiple Raman scattering. This effect can result in an underestimation of the NO 2 columns by 8% (at sunset) to 10% (at sunrise) at 90°for a polarization-sensitive spectrometer (Fish and Jones, 1995) . Pfeilsticker et al. (1999b) have shown that convolution with an instrument function of similar resolution to ours reduces this effect to about 5%. This effect is small (approximately 1%) for ozone.
The total error (root-sum-square) was determined to be ±5% for ozone and ±12-13% for NO 2 . The smallest errors occurred around 90°where there was a large difference in AMFs between the twilight and the reference spectra yet sufficient light intensity to collect spectra in a reasonably short (0.5 s) integration time. Fig. 3 . The slope of the line is equal to the vertical ozone column (296.7 DU) of the twilight spectra and the negative of the y-intercept (RCD) represents the ozone SCD in the reference spectrum. An alternative method of deriving ozone VCDs is simply to divide slant column amounts by the AMF appropriate for the SZA (e.g., Sarkissan et al., 1997) . Average slant column amounts for a set of twilight observations can then be calculated if ozone fields vary significantly during the observational period. In this work, ozone column densities were calculated using both methods, and the VCDs were found to be in close agreement (less than 2 DU difference). Roscoe et al. (1994) observed that the Langley y-intercept contained an offset due to analytical artefacts, which was sensitive to changes in analytical parameters such as detector temperature and wavelength calibration. However, the Langley y-intercepts that we derived (see Fig. 4 ) were relatively consistent over the measurement period (12 twilight measurement sets). The mean intercept value was -583 DU and the standard deviation was ±18 DU. A slant column of 583 DU in the reference spectrum corresponds to a reference vertical column density of 364 DU by comparison with the calculated AMF (1.60). This indirect measurement of the noon reference ozone column density is high compared with the Brewer direct-sun ozone measurements on J-day 237, for which the value nearest in time to midday was 314 DU. A similar difference between the reference vertical column densities derived from Langley plots and from a Dobson spectrometer was reported by Roscoe et al. (1994) .
Ground-Based Measurements of Ozone and NO 2 during MANTRA 1998 / 331
The MANTRA campaign provided an excellent opportunity to compare ozone measurements made with the new ground-based spectrometer with measurements made using more established instruments (see Fig. 5 ); a brief description of the other instruments follows. Firstly, direct-sun measurements made using a Brewer spectrophotometer were obtained (Savastiouk and McElroy, this issue) . Brewers are routinely used to make ozone column measurements (e.g., Kerr et al., 1988) with more than 150 instruments in operation worldwide. Ozone measurements are typically accurate to 1%, neglecting inaccuracies with the ozone-weighted temperature profile, which can induce a discrepancy as large as 2%. Measurement precision of the Brewer spectrophotometer is of the order of 1 DU. Secondly, ozonesondes, which employ an in situ chemical technique (Kohmyr, 1969) were launched routinely during the MANTRA campaign to provide vertical ozone profiles (Davies et al., 2000) that were integrated to derive total column measurements, shown in Fig. 5 . Note that in this and all other figures, dates and times are in GMT. Information from two different satellite instruments was also obtained. Total ozone measurements from the Earth Probe Total Ozone Mapping Spectrometer (TOMS) (Version 7) were downloaded from the TOMS Internet site (http://jwocky.gsfc. nasa.gov/) for Vanscoy (52°01′N, 107°02′W) and four other locations 1°away from the site (N, E, S, W). Consequently, a range of values was derived (the maximum and minimum values are given in Fig. 5 ). Figure 5 also includes measurements acquired from the Global Ozone Monitoring Experiment (GOME) satellite instrument (Level 2, Version 02.40) in the region around Vanscoy. For an overview of the GOME instrument, see Burrows et al. (1999b) . Both sets of satellite observations indicated a degree of spatial variability in total ozone around the MANTRA measurement site, with the GOME measurements being slightly lower, consistent with a recent comparison between GOME, TOMS and TIROS Operational Vertical Sounder (TOVS) (Corlett et al., 2001) . It should be noted that the grid of TOMS measurements was obtained by interpolating between individual point measurements, whereas the GOME measurements are simply the nearest point observations to the MANTRA site. It is likely that this is the major reason for the apparent differences in the spread of values between the two sets of satellite measurements.
The ozone measurements presented in Fig. 5 were made using distinctly different techniques. Inter-instrument agreement between the Brewer (direct sun viewing), ozonesondes (in situ chemical) and the zenith-sky viewing spectrometer was satisfactory (<5%) and consistent with the estimated error, and a useful validation of measurements made with the new instrument. There was broad agreement with the satellite measurements (<10%). Clearly, a more rigorous validation exercise involving comparison with other ground-based zenith-sky-viewing instruments over an extended period would be fruitful.
b NO 2 Measurements
While Langley plots present an elegant method for deriving ozone column information, they are less well suited to NO 2 due to the diurnal changes in the chemical partitioning between NO 2 and N 2 O 5 . The NO 2 vertical column increases throughout the day as N 2 O 5 (a night-time reservoir species of NO 2 ) is photolyzed to produce NO 2 . As part of our ongoing work to retrieve vertical profiles of NO 2 using the method described by Preston et al. (1997 Preston et al. ( , 1998 , it is necessary to employ a model that simulates NO x partitioning (see Section 5 for further details). Such a model could also be used to create chemically modified Langley plots for NO 2 (Lee et al., 1994) .
In the current work, each set of twilight NO 2 slant columns was plotted against increasing SZA (see Fig. 6 for a representative chart), and the SCD at 90°was interpolated from a smooth curve (fifth order polynomial) fitted to the data. Vertical column densities at 90°were calculated using Eq. (2). As noted above, Langley plots cannot be used to derive a value for the NO 2 RCD so the apparent NO 2 RCD was estimated from the twilight observations acquired on the same day as the reference spectrum by examining the increase in NO 2 VCD with SZA at high SZA. A best estimate of 7.8 × 10 15 molecules cm -2 was obtained, and this amount was also varied by up to ±2 × 10 15 molecules cm -2 to quantify the error introduced in the NO 2 VCD by uncertainty in the RCD (as described in Section 3b).
Vertical column densities of NO 2 obtained during the MANTRA 1998 campaign are plotted in Fig. 7 and it can be seen that there was significant day-to-day variation in the retrieved NO 2 columns. It is possible that this variation is due solely to random errors in the measurements, although much of the error in the measurement is systematic and would be present as a constant offset to the true value. Therefore, while acknowledging the errors described in Section 3b and the limited dataset, there is some value in discussing the observations. The range of values for sunrise and sunset measurements was 3.0-3.5 × 10 15 molecules cm -2 and 4.2-4.6 × 10 15 molecules cm -2 , respectively. The cause of this variability is unlikely to be advection of polluted tropospheric air masses containing high NO 2 concentrations to the measurement site because Vanscoy is located at a distance from heavily populated areas. Previous studies (e.g., Roscoe et al., 1999) have shown that tropospheric pollution can adversely affect zenith-sky NO 2 at locations adjacent to urbanized regions. The ground-based sunset measurements were compared with GOME observations (Level 2, Version 02.40). Overall, the day-to-day variation in the GOME NO 2 vertical columns followed a similar pattern to the ground-based measurements. However, there was some difference in the absolute values derived, with the GOME satellite measurements being consistently lower than those made using our instrument. This may be at least partly due to the 10:00 AM orbit of GOME, as the minimum NO 2 concentration occurs at 80-85°SZA, not 334 / Matthew R. Bassford et al. 
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Brewer GBS Integrated Sonde GOME (min) TOMS (min) TOMS (max) GOME (max) Fig. 5 Time series (GMT) of ozone vertical column densities measured by a suite of instruments during MANTRA 1998. GBS is the ground-based spectrometer used in this work. at 90°(sunrise) when the ground-based measurements were made. There was also often a substantial difference between the highest GOME NO 2 column observed in the Vanscoy region (within ±5°latitude or longitude) and the lowest column observed by GOME. Representative measurements for the observation period were also obtained from the SAGE II satellite instrument. Typical NO 2 vertical column amounts measured by SAGE were of the order of 3.4 × 10 15 molecules cm -2 for sunrise measurements and 6.2 × 10 15 molecules cm -2 for sunset occultations. The SAGE sunrise measurements are in good agreement with the ground-based observations, however, the SAGE sunset measurements are approximately 25% higher than our observations, which in turn were approximately 25% higher than GOME observations. It would be interesting to carry out further intercomparisons with these and other instruments in an attempt to discern the cause of the apparent discrepancies. However, the photosensitive nature of NO 2 means that for a true comparison, GBS GOME (low) GOME (high) Time series (GMT) of NO 2 vertical column densities measured by the ground-based spectrometer during MANTRA 1998 for (a) sunrise, and (b) sunset. The latter also includes maximum and minimum measurements from the GOME satellite instrument observed over a 5°× 5°box around Vanscoy at sunset.
simultaneous measurements must be made with the same viewing geometry. The average ratio of sunrise/sunset vertical columns measured using the ground-based spectrometer was calculated to be 0.72, with a standard deviation of 0.06. This value is compatible with the ratios of 0.6 and 0.7 reported by Koike et al. (1999) from summertime measurements made at two Japanese sites with latitudes similar to Vanscoy (43.4°N and 44.4°N) . It is also in reasonable agreement with the results of McKenzie et al. (1991) measured at 45°S and adjusted for season, for which a ratio of 0.66 is derived using data in their Fig. 13 (based on NO 2 columns of approximately 3.8 × 10 15 molecules cm -2 at sunrise and approximately 5.8 × 10 15 molecules cm -2 at sunset). A box model having a comprehensive chemical scheme and accurate photolysis rates (Chartrand and McConnell, 1998 ) predicts a sunrise/sunset ratio of 0.60 for the NO 2 vertical columns given initial conditions appropriate for the MANTRA 1998 campaign, a value that is comparable with the measured ratio.
Conclusions and future work
A ground-based zenith-sky-viewing spectrometer has been constructed to make UV-visible measurements. It was developed to monitor stratospheric composition and has been demonstrated to operate successfully in a stand-alone manner. Total ozone columns recorded during the MANTRA 1998 field campaign compared favourably with established instruments, although a cross-comparison with other ground-based zenith-sky spectrometers is a necessary exercise to evaluate the system. Vertical NO 2 column densities were also measured during the MANTRA campaign and were in broad agreement with GOME measurements, although there appeared to be significant spatial and temporal variation in both sets of observations.
We are now pursuing several methods for the retrieval of profile information from the measured NO 2 slant columns. An optimal estimation approach based on that described by Preston et al. (1997 Preston et al. ( , 1998 has been applied to the data, and will be compared to the co-located and simultaneous NO 2
profile measured with the UV-visible photodiode array spectrometer (McElroy, 1995) that was flown on the MANTRA balloon payload (Melo et al., this issue) .
The instrument was also deployed at Environment Canada's Arctic Stratospheric Observatory at Eureka, NU (80. 1°N, 86.4°W) in spring 1999 .6°W) in spring 2002. The resulting data are currently being analysed. Furthermore, improvements to the ground-based spectrometer system are continuing in our laboratory. One major avenue of ongoing work is the optical coupling of a star-tracking telescope to the spectrometer to facilitate night-time measurements of the target species, including NO 3 . This would also allow measurements to be made during the polar night.
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